We have studied an oxidation effect of multiwalled carbon nanotubes (MWCNTs) grown by thermal chemical vapor deposition (CVD) using ultraviolet photoelectron spectroscopy (UPS) and transmission electron microscopy (TEM). With an increasing oxygen exposure, the carbon 2p-states at $3 eV below the Fermi level in the UPS spectra almost disappear, whereas the 2p-states around 6 eV are significantly increased. Annealing above 1000 K results in an increase of the density of states (DOSs) near the Fermi level, although a complete recovery of the 2p-electron states is not observed. We also observe a mode around 23 eV that is associated with the collective þ plasmon excitation and chemisorbed C-O bonds, which is confirmed by the density functional calculations.
Introduction
The electronic structure of carbon nanotubes (CNTs) is solely determined by the chiral angle and diameter. 1, 2) Unfortunately, to our best knowledge, it is practically impossible to modulate the chiral angle during the growth process. Therefore, various post-treatments such as doping of alkali metals and adsorption of gas adsorbates have been attempted to modulate the electrical properties. 3, 4) In particular, the effect of oxygen gas exposure on carbon nanotubes has been studied in the 1) purification by selectively burning other phases of carbon materials, 5) 2) cap-opening, 6, 7) 3) modulation of the thermoelectric power which is highly responsible for the adsorption and desorption of oxygen gases, 8) 4) electrical conductivity change of the CNTs, 9) and 5) field emission properties. 10) In these studies, oxygen gas induces a significant change in the electronic and geometric structures of CNTs. In most cases, CNTs cannot avoid an exposure to oxygen gases in the air during sample preparation. Therefore, understanding the effect of oxygen gases on CNTs is of importance for controllability and stability of CNT-based electronic devices.
Both theoretical and experimental approaches have been previously carried out to reveal the effects of oxidation on CNTs. [11] [12] [13] Although adsorption mechanism and variation of valance band structure have been investigated in the previous studies, the correlation effect of oxygen adsorption on the electronic structures and geometric structures has not been studied yet. In our study, we have studied the changes in electronic structures in parallel with the geometric changes using both ultraviolet photoelectron spectroscopy (UPS), which is a very powerful tool to probe the valance band electronic structure, and transmission electron microscopy (TEM) for the characterization of structural deformation due to oxidation. These results are further discussed with our theoretical calculations based on density functional theory.
Experimental Procedure and Calculation
We have grown vertically aligned multiwalled carbon nanotubes (MWCNTs) using thermal chemical vapor deposition (CVD). A Ni-coated Si substrate was used for the CNT deposition and the growth parameters such as substrate temperature, pressure, and flow rate of C 2 H 2 have been described in detail elsewhere. 14) Thermal CVD-grown MWCNTs are shown in Figs. 1(a) and 1(b). The CNT film was transferred into the ultrahigh vacuum (UHV) system under a pressure below 2 Â 10 À9 Torr. In order to remove unnecessary gas adsorbates, the CNTs were heated above 1020 K for three minutes. The pressure of the UHV system during the cleaning process was increased to 3 Â 10 À9 Torr at the initial stage and dropped to a base pressure immediately. The UPS has been conducted in a synchrotron radiation center, Center for Advanced Microstructures and Devices (CAMD) at Louisiana State University. Monochromatic photon has been obtained from dispersion of 3 m toroidal grating. The resultant combinational energy resolution of the photoelectron spectroscopy is 100 meV. In order to see the change of morphology using TEM, we collected the oxidized CNTs from the substrate by simply scratching, followed by the sonication in acetone for several minutes. Oxygen gas with research purity was introduced into the vacuum system through a leak valve. The pressure of the vacuum system was brought up to 1 Â 10 À6 Torr after the oxygen exposure and then the substrate temperature was elevated to above 1020 K in order to initiate the oxidation. After each thermal oxidation, the heating was turned off and the vacuum system was evacuated down to a base pressure again.
We calculated the effects of molecular oxygen on electronic structures by a self-consistent charge densityfunctional-based tight-binding (SCC-DFTB) method. The SCC-DFTB method uses a basis of numerically described s and p atomic orbitals for carbon and oxygen. The convergence criterion for the structure optimization was that all forces should be 0.001 a.u. We chose supercells of (5,5) armchair and (10,0) zigzag nanotubes in our calculations, with the respective diameters of 6.78 and 7.83
A and A. Ten and twelve layers along the tube axis (z axis) were chosen for armchair and zigzag nanotubes, respectively. Various adsorption sites are searched for both tubes. Oxygen molecules are physisorbed on the CNT wall, unless the defects are present. These molecules can easily diffuse into the tube edge, which has abundant unpaired electrons and therefore can be easily chemisorbed. The detailed results are given in the literature. 15) By presuming that oxygen molecule adsorbs on an individual edge of MWCNT, one may model this with a singlewalled carbon nanotube. There is a possibility that oxygen molecule may sit on the bridge between two walls, which is more complicated. We believe that our calculations can provide at least some tendency in the variation of DOS upon oxidation.
Results and Discussion
Figure 2(a) presents the UPS spectra for various dosages of oxygen gas at 1000 K. Interestingly, no oxygen peak was developed, nor were there any difference among the spectra observed. Oxygen molecules, which are physisorbed on the wall can be easily desorbed at high temperature.
11) Therefore, these molecules do not change the tube structures. The previous theoretical study indicated that oxygen molecules were chemically adsorbed on the tube edge or on the defects of the tube wall with large adsorption energies of 6-8 eV. 15) These molecules will be desorbed in a form of CO or CO 2 molecule at high temperature. Since the MWCNTs have many concentric shells, the outermost shell may be disintegrated with the latter reaction. This suggests that although such oxidative erosion removes the outermost oxidized layer, this process simultaneously brings a new inner layer to vacuum. Consequently, the MWCNT structure appears the same during the measurements. Such refreshment of the outermost layer was evidenced by the oxygen adsorption on MWCNTs at low temperature, showing oxygen peaks near 14 and 19 eV at even lower oxygen dosage, as presented in Fig. 2(b) .
We have simulated adsorption of an oxygen molecule to support our observations. As shown in Figs. 3(a) molecule is physisorbed on the tube wall using liquid nitrogen. This extends O-O distance slightly. This wall adsorption contributes to the states near 16 and 21 eV. Gap states are not influenced from O 2 physisorption, as can be seen from Fig. 3(a) . We next consider O 2 adsorption at the top site of the tube edge, 15) as shown in the inset of Fig. 3(b) . Similar peaks are observed near 18 and 22 eV. Since the binding energy is usually overestimated by 2-3 eV in density functional calculations, these peaks may be considered to agree well with experimental peaks at 14 and 19 eV. We conclude that at low temperature, O 2 molecules that are physisorbed on the wall of CNTs and at the edge of the tube tip, contribute to two peaks near 14 and 19 eV of the UPS spectra.
Since adhesion of oxygen gases takes place only at the defect sites and the thermal oxidation continuously refreshes the outermost layer, we next decomposed oxygen molecules by a Mo filament that is located at 15 cm away from the CNT film. We applied the negative bias of 15 V to the Mo filament heated at above 2300 K in order to drive atomic oxygens to the CNT film. We speculate at this electric field that the bias is not strong enough to physically sputter the CNTs. As the exact temperature of the substrate was not measured, we consider that the substrate temperature was higher than the room temperature due to the radiational heating from the Mo filament, but still much lower than the oxidative etching temperature. With atomic oxygens, we were able to witness a considerable variation in about 100 minutes at 1 Â 10 À6 Torr, as shown in Fig. 4 . From the pristine CNTs, the electrons contributing to the DOS around 3-4 eV are assigned to 2p-electrons, which overlap with the top 2p-electrons around 5 eV. 16) After oxidation with atomic oxygens, the DOS of 2p-states almost disappears and that of 2p-states is strongly pronounced. Adsorption of atomic oxygens with stronger electronegativity and the defects introduced by oxidation might result in the promotion of 2p-states. Since the depletion of 2p-states is initiated from the severe oxidation, we annealed the substrate in order to induce reverse transition by releasing oxygen species. With increasing annealing temperatures, the oxygen atoms desorb from the surface of CNTs through the formation of CO and CO 2 . The oxygen release causes the transformation of C-O bond to C=C double bond, increasing the number of sp 2 hybridization. Figure 4 evidently shows this transition with the result that the 2p-states are slowly developing in parallel with increasing temperature, whereas 2p-states become broader and weaker, in contrast to 2p-states. However, the full recovery of 2p-states is not accomplished, implying that the CNT walls are severely distorted.
The series of peaks from the UPS reflect that the permanent damages occurred in the geometry of MWCNTs. Peaks appeared near 23 and 46 eV are attributed to a plasmon excitation. The possible plasmon excitation to the corresponding energy range is the collective þ excitation. However, the typical collective þ excitation from CNTs appears near 27 eV and the position of excitation energy has been known to depend on the structure such as the diameter and the number of walls of CNTs.
17) Therefore, it is possible that the collective þ excitation may be shifted due to the change of CNT structures. The decrease of the collective þ excitation energy is responsible for the weakening of electron contribution of the collective þ excitation. 17) This implies that these electrons engaged in weak interlayer interaction can not participate in the plasmon excitation, since the stacking order of graphene sheets along the c plane degrades due to oxidative erosion. Therefore, the shift of collective þ excitation to the lower energy explains that the structure of CNTs consisted of multiple concentric graphene sheets is destroyed and dismantlement in the structure results in the creation of amorphous carbons.
With increasing the substrate temperature, the peak at 23 eV becomes broader and splits into two peaks at about 1500 K. The separation of the peak is illustrated in Fig. 5(a) . We expect the plasmon peak to shift to the higher energy side with an increase of temperature, since the carrier concentration increases. Therefore the peak at higher energy side is þ plasmon excitation. We expect the other peak to be related with the remaining oxygens on the CNTs. Since the CNT walls are severely deteriorated, atomic oxygens may be adsorbed at the defects of CNT walls. Figure 5(b) shows the DOS with an oxygen atom chemisorbed at a bridge site of a double divacancy on zigzag nanotube wall, which is energetically favorable configuration.
18) The peak near 21 eV originates from purely atomic oxygens, similar to the previous case. However, our UPS spectra do not show this peak at 17 eV, suggesting that the atomic oxygens are adsorbed on the defects of the tube walls, or the contributions from the previous two cases are excluded at least in interpreting the current spectra. We note that atomic oxygen reduces the DOS near the Fermi level, as shown in Fig. 5(b) . This is in good agreement with the experimental observations in Fig. 4 that the DOS near 3 eV is significantly reduced upon oxidation and starts emerging again with oxygen desorption from the temperature increase.
Strong peaks near 28 eV are attributed to the nickel particles. Nickel was deposited on the substrate as a catalyst and its presence at the tip of CNTs during the growth has been the source of the argument of the cap growth model. 19) The detection of nickel by severe oxidation indicates that the cap is open. This is illustrated in Fig. 6 . In addition, we were not able to identify the peak around 38 eV at this moment.
The destruction of the c-plane ordering, the transition of CNT walls into amorphous phase, and the removal of the cap structure are anticipated from the UPS spectra shown in Fig. 4 . Figure 6 shows the TEM images of the oxidized MWCNTs. In Fig. 6(a) , the cap of the MWCNTs is not observed and the wall is severely distorted. The stacking order of graphitic sheets from the MWCNTs is shown in Fig.  6(b) . As we anticipated earlier from the UPS, the graphitic sheets are twisted and taken apart. The ordering of graphitic layers is severely damaged as compared to that of the pristine sample, as shown in Fig. 1(b) . We consider that the destruction of the multi-walled structure of CNTs is an initial step of transition to amorphous carbon. As presented in Figs. 6(c) and (d), the extent of appearance of amorphous carbon is much higher in the latter than the former. In Fig.  6(d) , the arrangement of the graphitic layers from CNTs has vanished.
Conclusions
We have studied the effect of oxygen on the electronic and geometric structures of CNTs. MWCNTs have shown a metallic behavior initially. However, after they are heavily exposed to atomic oxygen, they become semiconducting, whereas the reverse transition from semiconducting to metallic structure is slightly achieved, when oxygen is released. We also found that the decrease of the stacking order along the c-planes and the yield of amorphous phase resulting from oxidation attributes to the lowering of collective þ plasmon excitation. We observe that the cap structure is completely vanished upon full oxidation. Nickel particles embedded inside the cap are exposed to a vacuum during oxidation. For operation of the field emission array (FEA), the presence of oxygen atoms at the tip of the CNT arrays causes to degrade the CNT tips, eventually exposing Ni particles at the tip. Also, our empirical and theoretical observations give good explanations for the degradation of the field emission properties of CNT emitters exposed to oxygen gases, i.e., an increase of turn-on voltage SWCNT induced from the adsorption of atomic oxygen at bridge sites.
